Materials Today Chemistry 33 (2023) 101715

Contents lists available at ScienceDirect s
materialstoday

CHEMISTRY

Materials Today Chemistry

journal homepage: www.journals.elsevier.com/materials-today-chemistry/

materilstoday

ELSEVIER

t.)

Check for

HEMA-based macro and microporous materials for CO, capture o

Chiara Zagni™ ", Alessandro Coco?, Sandro Dattilo™ ", Vincenzo Patamia?,
d

Giuseppe Floresta “, Roberto Fiorenza , Giusy Curcuruto b, Tommaso Mecca ",
Antonio Rescifina®

@ Department of Drug and Health Sciences, University of Catania, V.le A. Doria 6, 95125, Catania, Italy

b mnstitute for Polymers, Composites, and Biomaterials CNR-IPCB, Via Paolo Gaifami 18, 95126, Catania, Italy

¢ Department of Chemical Sciences, University of Catania, V.le A. Doria 6, 95125, Catania, Italy
4 Institute of Biomolecular Chemistry CNR-ICB, Via Paolo Gaifami 18, 95126, Catania, Italy

ARTICLE INFO ABSTRACT

Keywords: New polymeric macroporous materials based on poly 2-hydroxyethyl methacrylate (pHEMA) were synthesized

€O, and tested to adsorb CO,. To this purpose, bio and affordable amine-based molecules such as lysine (LYS) and

HEMA histidine (HIS) were selected as CO3 active sites and used to functionalize HEMA monomer before its crosslinking
Cryogel lymerizati h d d pol h ized by usi 1 i
Hydrogel polymerization. The as-prepared monomers and polymers were characterized by using Nuclear Magnetic
Polymer Resonance (NMR), Fourier Infrared Spectroscopy (FT-IR), Thermal gravimetric analysis (TGA), and Scanning
Gas adsorption Electron Microscopy (SEM) equipped with Energy Dispersive X-ray (EDX). Compared to materials reported in the
Synthesis recent literature, all produced ones provide exceptional adsorption capacity in the 162-193 ppm range. In

particular, H-HEMA-LYS exhibits the best adsorption grade, well-fitting the Linear Driving Force (LFD) model. H-
HEMA-LYS reusability was also tested for up to 5 cycles without significant loss in capture performance. Finally,
to get insight into the role of morphology in CO5 adsorption, two diverse macroporous structures were syn-
thesized (hydrogels and cryogels) for both HIS and LYS-based materials. As it turns out, hydrogel formulations of
an average area ranging from 15.5 to 230 pm? adsorb 12% more than cryogels with higher values (266-605
pmz).

1. Introduction

Climate changes recently experienced by people in several countries,
including Europe, are mainly driven by the exponential carbon dioxide
(CO2) emissions in the last eighty years. As well known, this dramatic
CO4 upsurge is derived from the fossil fuel employed for energetic
purposes [1]. Human activities have further impacted this process
through excessive deforestation of green areas, land clearing for agri-
culture, and degradation of soils [2]. By waiting to replace fossil fuel
with renewable energy sources, a stratagem to be acted consists of
sequestering and reutilizing CO5 in more sustainable processes (e.g.,
algae growth), partially closing the carbon cycle.

Although still energy-consuming, the main efficient approaches for
CO capture are membrane separation [3], cryogenic distillation, and
chemical looping [4,5].
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The scientific community has been researching advancements in
membrane separation since becoming a competitive technology [6].
Nevertheless, poor membrane stability towards acid gases still repre-
sents a relevant limit in its utilization. To perform cost-effective tech-
nologies for the abatement of CO5, chemical and physical adsorption has
been intensively investigated. Specifically, fluxing the gas streams in an
aqueous amine-based solution has proven successful [7]. Indeed, the
amines adsorption method can attain CO, removal up to 98% [8]. Also,
in this case, drawbacks derive from the high energy consumption,
corrosion issues, and many adsorber requirements [9]. Therefore, to
overcome the stated issues related to amine chemical adsorption,
different solid substrates containing them as active groups have been
investigated [10-14].

Unlike amines, which chemically interact with CO»-forming carba-
mate, the related porous solid materials predominately adsorb CO; due
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to physical interactions [15,16]. Consequently, less energy is required to
recharge the sorbent to its initial stage for reuse. In this view, several
inorganic (zeolite, silica gel, activated alumina), organic, such as carbon
nanotube, microporous polymers, porous organic polymers (POPs),
hybrids, and the fascinating metal-organic frameworks (MOFs) were
purposely investigated [17].

Although such materials are considered up-to-date for CO, [18,19],
their large-scale production and applicability are still challenging.
Furthermore, their recyclability and eco-sustainability in a vision of less
significant harmful materials and processes are unsatisfactory [20].

Recently, gels-based materials have been identified as an emerging
class of CO, adsorbents owing to their three-dimensional architecture,
high surface area, uniform porosity, low mass density, and controllable
porous framework [21]. In particular, the pore size and shape can be
tuned using different synthetic approaches [22].

Polyethyleneimine (PEI) cryogel containing poly(ethylene glycol)
diglycidyl ether (DGE-PEG), 1,4-butanediol diglycidyl ether (DGE-1,4-
BD), and glutaraldehyde (GA) as crosslinking agents has been reported
as a material with high CO, adsorption capacity [23,24]. Liang et al.
described the preparation of carbon cryogels from glucose and poly-
aniline to obtain an excellent CO, adsorbent (4.12 mmol g’1 at 25 °C
and 1 atm). However, its synthesis involves corrosive chemical acti-
vating agents [25].

The paper authored by Pruna deals with the formulation of
graphene-based cryogels synthesized starting by amine modification of
carboxylated graphene oxide via aqueous carbodiimide chemistry. The
latter exhibited a CO2 uptake of 2 mmol/g at 25 °C and 1 atm [26].

Li et al. reported self-activated heteroatom (N)-doped carbon cry-
ogels prepared from potassium hydrogen phthalate (KHP) and urea. The
obtained material showed remarkable mechanical strength and CO,
adsorption capacities (280.57 mg/g at 0 °C and 171.31 mg/g at 25 °C at
1 atm) [27].

Although noteworthy, all the works mentioned above involve pro-
cesses/materials that can compromise an environmentally sustainable
production because of a circular economy. In fact, the recyclability of
some of the solid adsorbents is often unsatisfactory.

Amine-induced hydrogels (AIHs) are crosslinked materials swelled
with aqueous amine solutions (monoethanolamine, MEA, and dieth-
anolamine, DEA) and are useful as carriers for CO, absorption under
ambient conditions [28]. The advantages of using hydrogels as CO5
adsorbents are the easiness of preparation, the material’s reusability,
and a high specific surface area available for reacting and enhancing the
absorption kinetics/capacity. Moreover, preparing AIHs is environ-
mentally benign since few wastes and by-products are generated.

Despite the wide availability of the raw materials (MEA, DEA, and
hydrogels), the system presents the disadvantage of a limited surface
area that could be improved by decreasing the particle size. Amino acid
salts (AAS) are considered a promising class of green material for CO,
capture owing to exceptionally low toxicity, little volatility, and discrete
absorption capacity [29,30]. However, their regeneration requires sig-
nificant energy requirements, limiting their widespread application. To
overcome this issue, AAS hydrogel particles were encapsulated into solid
polymer matrices to improve their absorption kinetics and storage ca-
pacity. So far, hydrogel containing in their structure, chemically linked,
the functional group responsible for CO, capture has not been reported.

In this paper, we report, as a novelty, the synthesis and application of
purposely modified cryogels and hydrogels based on poly-2-
hydroxyethyl methacrylate (HEMA) functionalized with aminoacidic
moieties. This way, we provide a more sustainable and industrial
applicable solution to obtain macroporous polymeric materials for COy
capture. Affordable lysine and histidine were used as amine sources to
functionalize the well-known polymeric substrate HEMA. In addition,
two polymerization procedures were performed and investigated to get
insight into the role of gel morphology in CO, adsorption. Adsorption
ability as a function of the chemical architecture and pore sizes in pre-
pared hydrogels and cryogels were studied and herein discussed.
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2. Materials and methods
2.1. Materials

2-Hydroxyethyl methacrylate (HEMA), 2-aminoethyl methacrylate
hydrochloride (AEMA), N,N-methylene-bis-acrylamide (MBAA),
ammonium persulfate (APS), tetramethyl-ethylene-diamine (TEMED),
absolute ethanol (EtOH), hydrochloric acid (37%) and sodium hydrox-
ide (NaOH), N,N-diisopropylcarbodiimide (DIC), 4-dimethylxamino
pyridine (DMAP), trifluoroacetic acid (TFA), dimethylformamide
anhydrous (DMF), deuterium oxide (D20), and dichloromethane were
purchased from Sigma-Aldrich. Boc-Lys(Boc)-OH DCHA and Boc-His
(Boc)-OH were obtained from Novabiochem (Hohenbrunn, Germany).
A Milli-Q water purification system produced deionized water.

2.2. Synthesis of cryogels and hydrogels

2.2.1. Synthesis of 2-hydroxyethylmethacrylate cryogel (C-HEMA)

500 mg of HEMA (3.8 mmol) was dissolved in water, and crosslinker
agent N,N'-methylene bisacrylamide (MBAA) was added in a molar ratio
monomers/crosslinker of 6:1 (99.5 mg, 0.6 mmol) [31]. The mixture
was stirred until complete dissolution. The amount of water was then
corrected to obtain a total content of polymerizable compounds of 10%
w/v of the solution. The mixture was cooled at 0 °C then 1.5% v/v of a
water solution of APS at a concentration of 10% w/v was added, fol-
lowed by the addition of 1.5% v/v of a water solution of TEMED at a
concentration of 10% w/v. The mixture was stirred for 1 min, distrib-
uted into 10 mL capped syringes, and poured into a cryostatic bath at
—15 °C for 24 h. Afterward, the frozen samples were thawed, washed
with water and ethanol, and dried under nitrogen flux; then, all samples
were dried under vacuum overnight at 40 °C. The polymerization yield
was 89% [32].

2.2.2. Synthesis of 2-hydroxyethylmethacrylate hydrogel (H-HEMA)

The synthesis was carried out at room temperature according to the
procedure used for the correspondent cryogel synthesis. The previously
reported mixture was placed in a vial and, after 24 h, was washed and
dried out. The polymerization yield was 92%.

2.2.3. Synthesis of HEMA-LYS cryogel (C-HEMA-LYS)

90 mg (0.186 mmol) of HEMA-LYS, 67.7 pL (0.558 mmol) of HEMA
(molar ratio HEMA-LYS/HEMA 3:1), and 19.2 mg (0.124 mmol) of
MBAA (molar ratio 1/6 comparing to the moles of monomers) were
dissolved in water. NaOH 1.5 N was added to the reaction mixture under
vigorous stirring until reaching neutrality. Additional HoO was added to
obtain a total content of polymerizable compounds of 10% w/v of the
solution; then, the solution was cooled to 0 °C. Subsequently, 1% v/v
(18 pL) of both APS (10% w/v) and TEMED (10% w/v) solutions in
water were added under vigorous stirring. The reaction mixture was
transferred to a 3 mL capped syringe and placed into a cryostatic bath at
—15 °C for 24 h. After 24 h, the cryogel was thawed and washed with
mixtures of HoO/EtOH, progressively increasing the concentration of
EtOH up to pure EtOH and finally with Et;0. The purified cryogel was
dried under nitrogen flow and then under vacuum. The final product
was obtained with 85% yield and consisted of a macroporous monolithic

cryogel.

2.2.4. Synthesis of HEMA-LYS hydrogel (H-HEMA-LYS)

HEMA-LYS hydrogel was prepared with the same procedure as the
cryogel but in a vial and at room temperature. The polymerization yield
was 87%.

2.2.5. Synthesis of HEMA-HIS cryogel (C-HEMA-HIS)

137 mg (0.2767 mmol) of HEMA-HIS, 102 pL (0.8334 mmol) of
HEMA (molar ratio HEMA-HIS/HEMA 3:1), and 28.43 mg (0.1845
mmol) of MBAA (molar ratio 1/6 comparing to the moles of monomers)
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were dissolved in water. NaOH 1.5 N was added, reaching neutrality.
Additional H>O was added to obtain a total content of polymerizable
compounds of 10% w/v of the solution; then, the solution was cooled to
0 °C. Therefore, 1% v/v (28 pL) of both APS (10% w/v) and TEMED
(10% w/v) solutions in water were added under vigorous stirring. Cry-
opolimerization and drying processes were performed as previously
described. The polymerization yield was 84%.

2.2.6. Synthesis of HEMA-HIS hydrogel (H-HEMA-HIS)

The hydrogel was prepared following the same procedure as the
cryogel. The mixture was put in a vial, and the reaction proceeded at
room temperature. The polymerization yield was 86%.

2.3. Cryogels characterization

All the synthesized materials were accurately characterized. The
HEMA-LYS and HEMA-HIS monomer structures were confirmed by 'H
and 13C spectra, registered using Varian “Mercury 400” spectrometers,
operating at 400 MHz. TMS was used as a reference.

All formulated samples were characterized by Fourier transform
infrared spectroscopy (FTIR) spectroscopy. Fourier-transformed spectra
were recorded in absorbance mode (64 scans and 4 cm ! resolution) in
the 4000-400 cm ™! region using a Varian 640-IR by Agilent Technolo-
gies, with a ZnSe crystal fixed at the incident angle of 45°.

Morphologies were investigated by scanning electron microscopy
(SEM); the samples, previously metalized with a thin layer of gold (<10
nm) to impart their conductivity, were characterized by scanning elec-
tric microscopy Thermo Phenom Prox (Thermo Fisher Scientific—Wal-
tham, MA, USA) desktop scanning.

Samples were subjected to thermogravimetric analyses (TGA) by
using a thermogravimetric apparatus (TA Instruments Q500) under a
nitrogen atmosphere (flow rate 60 mL/min) at 10 °C/min heating rate,
from 40 °C to 800 °C. TGA sensitivity is 0.1 pg with a weighting preci-
sion of £0.01%. The isothermal temperature accuracy is +1 °C.

2.4. CO3 adsorption and selectivity test

The CO, adsorption tests were carried out in a quartz U-shaped
reactor filled with 100 mg of the analyzed material flowing CO
(99.999%, 30 mL/min) at atmospheric pressure and room temperature.
The CO, was monitored with a quadrupole mass spectrometer (Sensor-
lab VG Quadrupoles) following the m/z = 44 signal. The adsorption of
CO, was evaluated by measuring the ratio between the concentration of
CO,, after the saturation in the material and the initial CO5 concentra-
tion. Before the tests, the materials were pretreated in He flows (50 mL/
min) at 150 °C for 1 h. With these experimental conditions, the error was
within 3%.

The kinetic of CO, adsorption was evaluated using a thermogravi-
metric analyzer (Linseis STA PT 1600 instrument). The materials were
degassed under a He stream (50 mL/min) at 150 °C for 1 h. The CO3 has
flowed into the test (30 mL/min), and the weight variation with time
was measured.

The CO2/N; adsorption selectivity was measured with the same
apparatus, varying the flue gases (15% (v/v) CO2 and 85% Ny), also
following the signals m/z = 14 and m/z = 28 and maintaining the system
at room temperature for 60 min. Following the literature, the selectivity
values were determined by the initial kinetic slope ratio (Henry’s law
constant method) as follows: the first five data points on the single-
component adsorption isotherm of CO5/N; were carefully chosen, and
the initial slope of each isotherm was evaluated by linear fitting [33].
The adsorption selectivity was calculated as follows:

S = Kkco, /kN

indicating as kco, and ky, the kinetic constants of the CO2 and the Ny
adsorption, respectively.
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2.5. COy desorption

The CO5 TPD (Temperature Programmed Desorption) measurements
were performed with different consecutive runs to determine the reus-
ability of the sample. The tests were carried out in the same reactor
previously used. The CO5 flow was stopped for these measurements after
the adsorption and surface saturation processes. Afterward, the reactor
was heated from 30 °C to 100 °C (10 °C/min). After desorption, the
products were examined with a mass spectrometer. Also, in this case, the
samples were pretreated as previously described.

3. Results and discussions
3.1. Synthesis and characterization of hydrogels and cryogels

The poly(HEMA), poly(HEMA-LYS), and poly(HEMA-HIS) cryogels
and hydrogels were prepared by the polymerization of the correspon-
dent monomers using MBAA as a crosslinker, according to the chemical
reaction given in Fig. 1.

The differences between hydro and cryogels consist in the temper-
ature at which the reaction is carried out. The cryogel formation occurs
at a temperature below the freezing point of water. At such a tempera-
ture, ice crystals are formed, and the polymerization reaction occurs
around the crystals. After the reaction is completed, the system is
thawed, melting the crystal and leaving a macroporous structure.
Instead, hydrogel’s structure, occurring at room temperature, is char-
acterized by a smaller pore dimension. The reaction yield ranges from
84% to 92% in both cases.

The morphological structure of synthesized hydro and cryogels were
investigated by SEM analyses. In Fig. 2, SEM micrographs of all syn-
thesized samples are reported. The sample images (Fig. 2a and c-f)
reveal the typical structures of these gels consisting of a microporous
jagged surface with a random three-dimensional network. Notably, the
H-HEMA (Fig. 2b) has a structure constituted by circular nanoaggregate,
whose porometric data were reported in Table 1S. As expected, all
hydrogels present pore sizes with smaller average dimensions than
cryogels (Fig. 3). Among cryogels, C-HEMA-LYS manifests the lowest
pores dimensions. Morphological properties influence CO, adsorption,
as discussed in the next paragraph.

Thermal analysis using TGA was also performed to evaluate the
thermal stability of the synthesized cryogels and hydrogels. Table 2
summarizes the results of TGA obtained using N as a carrier gas up to
800 °C. The temperatures at the maximum derivative of weight loss
(TMD) range from 420 to 452 °C depending on the monomer’s
composition.

Thermal profiles of polymer samples revealed a degradation of the
main chains in a range of 430-460 °C (Table 1, Figs. S1-S6). Thermal
measurements reveal that histidine derivatives manifest higher stability
among the materials, most likely due to the heteroaromatic imidazole
group within the network [34].

To confirm the success of the polymerizations, FTIR spectra were
recorded for all samples (Fig. 4). All the spectra of HEMA and its de-
rivatives (HEMA-LYS and HEMA-HIS) present overlapped peaks in the
3300-3400 cm™! range, corresponding to OH and NH stretching vi-
brations. A signal at 2955 cm™! is related to CH stretching vibrations,
and the peak at 1727 cm ™! is assigned to the ester stretching. Finally, the
signal at 1652 cm™! was related to the amide crosslinker. The C=0 and
C-O stretching vibrations in the HEMA-LYS spectrum can be observed at
~1630 cm ! and ~1439 cm’l, respectively [35]. The peak at ~2950
em! is due to C-H and N-H stretching vibration overlaps with OH
stretching at 3419 cm™'. For HEMA-HIS, the FTIR spectrum indicates
similar signals to HEMA-LYS with the amide NH; bending vibrations at
1618, 1619, and 729 cm™ [36].

Notably, the disappearance of the typical signal related to methylene
(-C=C) groups of the monomers in the range 1000-800 cm ™! confirmed
the formation of the polymeric cryogel and related hydrogels [37].
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Fig. 1. Schematic representation of HEMA-LYS (top) and HEMA-HIS (bottom) synthesis.
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Fig. 2. SEM micrographs of all synthesized samples, a) C-HEMA, b) H-HEMA, c¢) C-HEMA-LYS, d) H-HEMA-LYS, e) C-HEMA-HIS, f) H-HEMA-HIS.

3.2. CO, adsorption and selectivity tests

The adsorption capacities were calculated with Equation (1):
g (mg/g) = [(Cin — Cp) x 1 x QI w (1)

where q is the amount of adsorbed COs, w is the weight of the analyzed
material (g), Q is the CO3 flow rate (mL/min), t is the saturation time
(min), and Cy, and Cy are the initial and final CO5 concentrations (mg/
mL), respectively [38-40].

As it turns out, the best materials for the CO, adsorption are the H-
HEMA-LYS (q = 193.0) with similar q values (H-HEMA = 181.0, H-
HEMA-HIS = 186.0), whereas the C-HEMA-based samples showed a
lower performance.

All prepared materials present high adsorption properties compared
to MOR and BEA (Fig. 5) used as reference materials. In addition to the
direct comparison with the BEA and MOR, our remarkable results were
further highlighted in Table 1, reporting CO5 capture data of materials

stated in recent literature. From the inspection of Fig. 5, material
morphology seems to influence the CO; adsorption aptitude, achieving
better performance for hydrogels. This trend can be ascribable to their
lower pore size dimensions obtained by polymerizing with a classical
radical reaction. It is reasonable to assume that CO, can better physi-
cally entrap within the material, while a more suitable reaction time
allows its adsorption to the active sites.

Regarding the chemistry of adsorption related to functional groups
introduced into as-prepared materials, it is worth noticing that lysine
determines higher adsorption capability in both cryogel and hydrogel
materials if compared to HEMA and HEMA-HIS. This outcome can
derive from the presence of two primary amino groups that increased
their electron availability compared to the nitrogen atoms inserted into
the imidazole ring in the case of histidine.

The kinetic evaluation of the CO5 capture was carried out on the H-
HEMA-LYS sample as a representative (best) sample (Fig. 6).

As reported, experimental data were fitted with the Linear Driving
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Fig. 3. Cumulative percentage of pore distribution of all samples synthesized A) C-HEMA, B) H-HEMA, C) C-HEMA-LYS, D) H-HEMA-LYS, E) C-HEMA-HIS, F) H-
HEMA-HIS calculated using Phenom Porometric 1.1.2.0 (PhenomWorld BV, Eindhoven, The Netherlands).

Table 1
Temperatures at maximum decomposition rate and residual masses of all syn-
thesized samples.

Sample Typ (°C) Residue at T = 800 °C (wt%)
C-HEMA 4443 1.2

C-HEMA-LYS 446.8 1.8

C-HEMA-HIS 451.5 3.2

H-HEMA 445.8 0.6

H-HEMA-LYS 435.6 2.3

H-HEMA-HIS 457.6 2.5

Table 2
Comparison of CO, sorption abilities of different materials.

Amide-Based Material CO;, Uptake (mng/g) Reference
C-HEMA 162.0 This work
C-HEMA-LYS 171.5 This work
C-HEMA-HIS 167.5 This work
H-HEMA 181.5 This work
H-HEMA-LYS 193.0 This work
H-HEMA-HIS 186.0 This work
Urease@PEI cryogel 532.4 [41]
Carbon cryogels 198 [42]
Graphene oxide cryogel 88 [43]
PEI-EGDE 501.16 [44]
Porous Carbon 120-180 [45]

BEA 80.5 [46]

CB [6]-Funct 88.4 [46]
PHTCZ-1 59.0 [40]
PHTCZ-2 103.0 [40]
M808-EDTA 64.2 [40]
MOF-1 44.0 [40]
MOE-2 43.6 [40]
MOF-3 82.3 [40]

Force (LDF) and the Pseudo-Second Order (PSO) models [16,38,39].

The LDF model considers the adsorption rate proportional to the
number of free surface sites suitable for the adsorption (mainly phys-
isorption). The main driving force of the adsorption process is estimated
by the difference between the q at equilibrium and the g at the time t,
whereas all the resistances ascribed to the mass transfers are incorpo-
rated in the kinetic parameter k; as global resistance to the diffusion,
following the equation in the linear form:

In(qe —q) =Inqe — ki t

where q; and g, were the amount of CO;, absorbed per unit mass of the
material at time t and at the equilibrium, respectively.

Conversely, in the PSO model, the adsorption is mainly attributed to
the chemisorption, following the equation:

t/q, = (1/ks g¢ + t/qe)

where ks is the adsorption rate constant.

From the data reported in Fig. 6, it is possible to note that the LDF
model fits better with the experimental data (R2 = 0.99 for the analyzed
material), pointing to the reversible physisorption process is mainly
involved in the CO, adsorption instead of the chemisorption.

To further investigate the ability of the materials to absorb carbon
dioxide, infrared spectra have been recorded over the reference com-
pound HEMA-LYS before and after the exposure to COy (Fig. 7). The
adsorbtion capacity of the tested samples was confirmed by the presence
of a peak at 2424 cm™! that corresponds to the typical asymmetric
stretching of the adsorbed CO3! [8,39-41]. As a comparison, the spectra
of HEMA-LYS, as prepared, were reported (black line), and no signal of
CO;, stretching was revealed.

Table 3 and Fig. 8 report the data for selective adsorption using an
N2/CO, mixture obtained by calculating the slope ratio for the H-HEMA-
based samples.
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Fig. 4. FT-IR spectra of C-HEMA, C-HEMA-LYS, and C-HEMA-HIS.
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Fig. 5. The CO, adsorption capacity of the investigated samples.

It is possible to note that the H-HEMA-LYS sample gave the best
selectivity in CO; adsorption (S = 20.4); this confirms the synergistic
effect of the presence of the lysine group and the suitable pore structure.
Furthermore, all the examined samples showed a higher affinity for CO4
capture than N, adsorption.

The reusability features of H-HEMA-LYS were evaluated with five
consecutive runs of CO; adsorption-desorption measurements. Based on
the CO,-TPD profile of H-HEMA-LYS (Fig. S7, the CO, desorption peak
was at 37 °C), after the adsorption and the surface saturation of CO», the
CO,y flow was stopped, and the sample was heated from room

1724 1655
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723
1632
500
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Fig. 6. CO, adsorption kinetics on the H-HEMA-LYS sample. The experimental
data (points) and the fit (dashed lines) were represented in the insets with the
LDF and the PSO models.

temperature to 100 °C. Therefore, the material was cooled under He
flows, and the CO4 flow was turned on to favor its adsorption to carry out
the successive run.

As highlighted in Fig. 9, the CO; capture capability of the H-HEMA-
LYS was maintained during the five consecutive runs with a decrease of
q of only 1.5% compared to the value of the first run. Interestingly, after
five consecutive runs, the adsorption ability of the H-HEMA-LYS mate-
rial was better than that of the standard compounds, such as the BEA and
the MOR zeolites (Fig. 5).
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Fig. 7. FT-IR spectra of HEMA-LYS before (black trace) and after (red trace)
CO, adsorption.

Table 3
Selective adsorption of CO, in a N5/CO, mixture for the H-HEMA-based samples.

Sample kCO, kN, S (kCO,/kN,)
H-HEMA 77.6 4.8 16.1
H-HEMA-LYS 116.5 5.7 20.4
H-HEMA-HIS 86.1 5.1 16.9
100
I
2 e
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Fig. 8. Initial slope from CO; and N, adsorption over the examined samples
used for the selectivity calculation.

4. Conclusions

Different HEMA-based hydrogels and cryogels functionalized with
basic amino acids (LYS and HIS) have been successfully synthesized by
chain polymerization using water as a solvent. The synthesized mate-
rials were characterized by IR, TG, SEM, and EDX, assessing the for-
mation of desired acrylic polymers. Adsorption test performed at 25 °C
demonstrated a significant aptitude of all materials in sequestering CO,.

Remarkably, H-HEMA-LYS provides a value of COy adsorption of
193 mg/g, sensibly higher by 32% and 140% compared to MOR and
BEA, respectively, used as reference materials and recent findings re-
ported in the literature (Fig. 5).
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Fig. 9. Reusability features of H-HEMA-LYS up to five runs.

Data obtained also suggest that pores sizes influence the adsorption
phenomena. Specifically, lower pore size allows better results in
capturing CO; if compared to cryogel pores.

Further, ulteriorly modifying HEMA-based polymers might improve
the adsorption parameters and COj adsorption capacity through
appropriate activation.
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